An essential aspect of innate immunity is recognition of molecular patterns on the surface of pathogens or altered self through the lectin and classical pathways, two of the three well-established activation pathways of the complement system. This recognition causes activation of the MASP-2 or the C1s serine proteases followed by cleavage of the protein C4. Here we present the crystal structures of the 203-kDa human C4 and the 245-kDa C4·MASP-2 substrate·enzyme complex. When C4 binds to MASP-2, substantial conformational changes in C4 are induced, and its scissile bond region becomes ordered and inserted into the protease catalytic site in a manner canonical to serine proteases. In MASP-2, an exosite located within the CCP domains recognizes the C4 C345C domain 60 Å from the scissile bond. Mutations in C4 and MASP-2 residues at the C345C-CCP interface inhibit the intermolecular interaction and C4 cleavage. The possible assembly of the huge in vivo enzyme-substrate complex consisting of glycan-bound mannan-binding lectin, MASP-2, and C4 is discussed. Our own and prior functional data suggest that C1s in the classical pathway of complement activated by, e.g., antigen-antibody complexes, also recognizes the C4 C345C domain through a CCP exosite. Our results provide a unified structural framework for understanding the early and essential step of C4 cleavage in the elimination of pathogens and altered self through two major pathways of complement activation.
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crystallography | pattern recognition | proteolysis | structural biology T he ability of pattern-recognition molecules to bind foreign markers such as pathogen-associated molecular patterns is central to the innate immune defense. One such defense mechanism is complement, which is capable of recognizing molecular patterns associated with microbes and apoptotic or necrotic cells. Recognition causes activation of proteolytic enzyme cascades, resulting in cleavage of the complement proteins C3, C4, and C5. Fragments of these proteins have important effector functions through binding to host cell receptors and pathogen surfaces (1) . In the lectin pathway of complement, four pattern recognition molecules, mannan-binding lectin (MBL) or H-, L-, or M-ficolin, may bind to surface-linked carbohydrates or acetyl groups on the surface of pathogens or damaged self-tissue (Fig. 1A) (2) . The CL-11 protein is also a putative pattern recognition molecule acting in the lectin pathway (3) . Pattern recognition leads to activation of the pattern recognition molecule-associated MASP-2 protease (4), and this enzyme then cleaves the 203-kDa protein C4 into the fragments C4a and C4b. The nascent C4b fragment becomes covalently linked through its reactive thioester (TE) to the surface bearing the pattern recognized (5) . C4b recruits the zymogen C2, and subsequent C2 cleavage leads to formation of the surfaceanchored and proteolytically active C3 convertase C4b·C2a, but C4b also contributes to immune clearance through interaction with the CR1 receptor (6) . The classical pathway of complement, in which the MASP-2 paralogue C1s cleaves both C4 and C2, is initiated upon C1q recognition of, e.g., antigen-antibody complexes (7) and likewise results in C4b deposition and assembly of the C3 cleaving C4b·C2a complex on the surface recognized (Fig. 1A) .
Such C3 cleavage leads to alternative pathway amplification and, subsequently, cleavage of the C5 protein as well (8) . The downstream outcome of complement activation through the lectin and classical pathways is therefore C3 and C5 fragments, which have important effector functions through binding to host cell receptors and pathogen surfaces. The activation of complement receptors ultimately elicits inflammatory responses directing immune cells and molecules to the point of infection, tagging of pathogens for phagocytosis, lysis of pathogens, and stimulation of the adaptive immune response (1).
Results
Complete MBL·MASP-2 or ficolin·MASP-2 complexes bound to an activating carbohydrate structure and C4, to our knowledge, have never been reconstituted in a format suitable for crystallization. Instead, we used a MASP-2 fragment comprising the CCP1, CCP2, and the serine protease (SP) domains (9) . By mutating the MASP-2 catalytic site serine 633 to alanine, we could crystallize the C4·MASP-2 complex, and in addition we crystallized C4 alone. We then determined the crystal structures of C4 and the enzyme-substrate complex at 3.6-and 3.75-Å resolution, respectively (Table S1 , Fig. 1 B and C, and Fig. S1 ). Structure determination was promoted by the presence of two C4·MASP-2 complexes in the crystal, the known structure of the active MASP-2 fragment (10) , and the ability to compare models of C4 either unbound or bound to MASP-2. As a result, the R free values of the structures are 0.27 and 0.24 for unbound C4 and C4·MASP-2, respectively (Table S1 ). C4 exists in two isoforms C4A and C4B, differing within six residues, and the vast majority of individuals express both isoforms (11) . No attempt was made to separate the isoforms, and we assume that both structures contain a mixture of C4A and C4B (Figs. S1A and S2A). The structures revealed that C4 is structurally similar to its paralogues C3 and C5 (12) (13) (14) , with six N-terminal MG domains (MG1-6) forming an irregular superhelical arrangement, the β-ring (Fig. 1B) . The TE, MG8, and CUB domains form the tightly packed α-chain superdomain. The C4 TE bond formed between Cys-1010 and Gln-1,013 is buried between the MG8 domain and the α-helical TE domain as in C3 (12, 14) . The C4a domain is wedged between the β-ring and the α-chain superdomain, whereas the MG7 and the C345C domains are located at the α-chain superdomain periphery (Fig. 1B) .
MASP-2 Interactions with the Scissile C4 Region. All three MASP-2 domains are in contact with C4, yielding an overall intermolecular interface of 1,800 Å 2 ( Fig. 1C and Fig. S2 C and D) . The CCP domains contact the C4 C345C domain with an approximate interface area of 500 Å 2 . The MASP-2 SP domain interacts with an extended loop comprising C4 residues Asp-748-Ile-760 ( Fig. 2 A-C) . We shall refer to this loop as the R loop, which comprises the scissile bond region P2-P1-P1′-P2′ (Gln-755-Arg-756-Ala-757-Leu-758). In addition, the SP domain forms electrostatic interaction with the C4 sulfotyrosine region (see below) and a few contacts with the anchor region connecting the C4 MG8 and the C345C domains. The total interface area between the SP domain and C4 is ∼1,300 Å 2 . The SP domain loops A, B, E, D, 3, and 2, named according to ref. 10 , interact with C4 (Fig. S2C) . Whereas the R loop is bound identically to the SP domain in the two copies of the C4·MASP-2 complex in our crystal, there is a slight difference of the orientation of the SP domain relative to C4 residues outside the R loop ( Fig. 2A ). This flexibility is made possible by the extended R-loop conformation and makes one complex tighter and with better electron density for the SP domain; we describe this complex below. Because of the resolution of the C4·MASP-2 structure, hydrogen bonds and salt bridges mentioned below should be considered putative, although the presence of two copies of the C4·MASP-2 complex result in a better effective resolution than the nominal 3.75 Å.
The C4 R loop has the conformation of a twisted U, with a bend at C4 Gly-750-Gln-751 caused by van der Waals interactions between C4 Ala-752-Leu-754 and Met-658 in loop 2 of MASP-2 ( Fig. 2B and Figs. S1B and S3A). The P1 arginine side chain is inserted into the MASP-2 S1 pocket and is held by hydrogen bonds to MASP-2 Ser-628 and -657 and an electrostatic interaction with Asp-627. The main chain oxygen of Arg-756 is placed in the oxyanion hole formed by the main-chain N-H of MASP-2 Gly-631 and Ser-633-Ala (Fig. 2C) . In silico mutation of MASP-2 Ala-633 to serine in our structure suggests that the serine side chain from the catalytic triad can come within 2.8 Å of the P1 carbonyl C atom. P1′-P4′ residues Ala-757-Ile-760 adopt an extended conformation stabilized by putative main chain hydrogen bonds with MASP-2 Thr-467 in loop A and Gly-656. In a number of serpin-protease Michaelis complexes (15) , likewise with their P1 side chain accommodated into the S1 site, the conformation of their P2-P2′ residues is rather similar to that of P2-P2′ residues in C4·MASP-2 ( Fig. S3D) . Furthermore, the main-chain conformations of C4 Gln-755-Glu-759 and residues Thr-29-Cys-33 in the MASP-2 inhibitor SGMI-2 bound to MASP-2 (16) strongly resemble each other ( Fig. S3E ), most likely due to the P1 residue carbonyl interaction with the oxyanion hole and main-chain hydrogen bonds between the P2′ residue and MASP-2 Thr-467 in both cases.
MASP-2 Exosites. Within residues 1,405-1,427 located at the C terminus of the C4 α-chain are three sulfotyrosines (Fig. S2D ), and together with seven glutamates/aspartates and the terminal carboxyl group, these provide 11 negative charges to this region. Residues 1,415-1,420 fold into an extended region sandwiched between a large, well-conserved, positively charged surface patch on the MASP-2 SP domain and the likewise positively charged C4a domain (Fig. 2D ). The SO 3 group of C4 Tyr-1,417 interacts electrostatically with MASP-2 Lys-503 (Fig. S1C ), whereas C4 Asp-1419 faces MASP-2 Lys-450, Arg-578, and Arg-583. In the opposite direction, C4 Asp-1,416 is directed toward Lys-744 in C4a (Fig.  2D ). These long-range electrostatic interactions suggest that the C4 sulfotyrosine region acts as flexible electrostatic "Velcro" between MASP-2 and the C4a domain.
The CCP domains in both MASP-2 (9, 17, 18) and C1s (19, 20) have earlier been suggested to be important for C4 cleavage, but the regions of C4 possibly interacting with the CCP domains have never been identified. Our C4·MASP-2 structure reveals the MASP-2 regions forming what we will refer to as the CCP exosite. Conserved residues from both CCP domains provide an open negatively charged binding patch for four arginines within the C4 region 1,716-1,725 (Fig. 3 A-E and Fig. S2D ) located immediately before the large C-terminal helix of the C345C domain. MASP-2 CCP1 Glu-333-strictly conserved in C1s and MASP-2-forms longrange electrostatic interactions with C4 Arg-1724. The main chain of MASP-2 Asp-365 interacts with Thr-1,721, and the aspartate side chain is facing C4 residues Arg-1,716, -1,719, and -1,724 (Fig.  3A) . Overall, the intermolecular interactions formed by MASP-2 with both the C4 C345C domain and the sulfotyrosine region appear to be dominated by electrostatic forces and hydrogen bonds. In the C4 paralogue C3, the region equivalent to the MASP-2 interacting C4 region 1,716-1,725 is negatively charged, suggesting that electrostatic repulsion would prevent CCP exosite recognition of C3. Together with the C4-specific sulfotyrosine region, this feature could explain the strong preference for C4 over C3 as MASP-2 substrate (9).
Mutations in the CCP Exosite Affect C4 Recognition. To validate the physiological relevance of the MASP-2 CCP exosite, we mutated residues in the CCP1 and CCP2 domains with surface-exposed side chains facing C4 in the complex to arginines aiming at introducing steric hindrance and electrostatic repulsion. These MASP-2 variants were associated with MBL bound to the yeast carbohydrate mannan, causing MASP-2 activation and cleavage of C4 and resulting in C4b deposition on the mannan surface (Fig.  3F) . Mutating CCP1 Glu-333 or CCP2 Asp-365 severely reduced MASP-2 cleavage of C4, and the double mutant was unable to mediate cleavage. Mutation of CCP1 Pro-340 or CCP2 Pro-368 resulted in ∼60% cleavage activity, whereas the double mutant had a poor cleavage activity. The recently reported CCP1 Lys-342-Ala mutation (17) had no effect in accordance with the absence of Lys-342 from the C4 interface. All our mutants bound MBL and autoactivated as well as the wild type (Fig. S4 A and B) , suggesting that impaired C4 cleavage activity was caused solely by weakened C4·MASP-2 interactions. We confirmed this hierarchy of activity for the MASP-2 variants in an even more physiological setting, where we measured C4 deposition onto mannan in MASP-2-deficient plasma reconstituted with the various forms of MASP-2 (Fig.  S4C ). In addition, surface plasmon resonance (SPR) measurements showed that the recombinant C4 C345C domain interacted with immobilized MASP-2 (Fig. S4D) , with an apparent equilibrium dissociation constant K D of 21 nM and mutations in C4 residues interacting with MASP-2 in our structure affected this interaction. In summary, our functional experiments and biophysical measurements confirmed the importance of the C4·MASP-2 interactions at the CCP exosite observed in our crystal structure.
C1s Recognition of C4 and MASP-1 Discrimination. Based on prior data concerning the importance of the C1s CCP domains for C4 cleavage (19, 20) , we hypothesized that the MASP-2 CCP exosite is conserved in C1s and interacts with the C4 C345C domain. In support of this hypothesis, we were able to inhibit C1s-mediated C4 cleavage by the addition of recombinant C345C domain in 30-fold molar excess relative to C4. Single mutations at five different C345C residues located in the MASP-2 interface all decreased the ability of the mutated C345C domain to inhibit C4 cleavage by C1s (Fig. 4 A-C) . Similar to the C4·MASP-2 interaction, SPR measurements showed that the C1s interaction with the C4 C345C domain had an apparent dissociation constant K D of 37 nM (Fig.  4D) , and mutations in C4 Arg-1,724 and Thr-1,721 affected this interaction. C1s (9) qualitatively shares the electrostatic properties at the CCP exosite, with MASP-2 supporting an interaction between C1s and C4 C345C similar to what we observed for C4·MASP-2 (Fig. S5A) . Because a positively charged surface on the MASP-2 SP domain located next to the C4 sulfotyrosine region is also present on C1s (Fig. S5B) , an interaction between the C1s SP domain and the C4 sulfotyrosine region may also occur. This surface area is identical to a very recently identified exosite in the C1s SP domain interacting with the C4 sulfotyrosine region, and mutations in this exosite decrease the efficiency of C4 cleavage (21) . C4 sulfotyrosine interaction with C1s would also offer an explanation for the 10-fold higher concentration of C1s required to cleave nonsulforylated C4 compared with sulforylated C4 (22) . Together, our experiments, prior functional data, and structural comparisons strongly support that the C1s SP domain interacts with the C4 SO 3 -Tyr region and that C1s contacts residues 1,716-1,725 in the C4 C345C domain through a CCP exosite. The inability of MASP-1 to cleave C4 may be due to the electrostatic properties of MASP-1 being different from those of MASP-2 and C1s, especially at the CCP site. Furthermore, a large MASP-1 insert in the SP domain loop B appeared to prevent insertion of the C4 R loop into the catalytic site (Fig. S5 C-E) . MASP-3, the third protease of the lectin pathway, is an alternative splice product of the MASP-1 gene and contains a different SP domain but the same CCP modules. Their electrostatic properties probably explain why MASP-3, like MASP-1, is unable to cleave C4 and consequently cannot take over the function of MASP-2 in MASP-2-deficient or -depleted plasma.
Conformational Changes in Enzyme and Substrate. The conformation of the CCP1-CCP2 domain tandem is identical in C4-bound and zymogen MASP-2, whereas the SP domain has rotated by 24-29° (Fig. 5A) relative to the CCP2 domain of zymogen MASP-2 (23) or active unbound MASP-2 (10). The ability of MASP-2 to undergo this hinge movement at the CCP2-SP linker allows simultaneous substrate recognition by the CCP exosite and the SP domain. C4 binding induces only minor structural reorganization within the SP domain, suggesting that the exosite-C4 interactions do not further activate the SP domain. In accordance with this finding, the recombinant MASP-2 SP domain cleaves C2 efficiently, whereas at least the CCP2 domain is required for fast C4 cleavage (9) . C4 also undergoes significant conformational changes upon binding to MASP-2 in two regions around the scissile bond. In unbound C4, the C4a α1-helix, the R loop, and downstream Nt-α′ residues are disordered. In the MASP-2 complex, C4a formed a four-helix bundle, and residues downstream of the R loop were ordered and held between the C4a α1-helix and the MG3 and MG8 domains (Fig. S6) . MASP-2 recognition of the R loop most likely stabilized the conformation of downstream residues in the Nt-α′ region, and the CCP exosite interaction induces a rotation of the C4 C345C domain, which resulted in a 10°rotation of the MG1-5 domains (Fig. 5B and Movie S1). Hereby the MG3 domain could capture the C4a α1-helix between itself and the rest of the C4a domain, which presumably also locks the conformation of the Nt-α′ region located downstream of the scissile bond. Hence, not only does the MASP-2 CCP exosite interaction help to correctly orient the protease toward C4, but through a relay of domain movements it probably also stabilizes the R-loop conformation, which feasibly facilitates cleavage.
Discussion
Our structures of C4 and especially the C4·MASP-2 complex represent a crucial step forward in reaching a structure-based understanding of the series of events starting with pattern recognition in the lectin or classical pathway. The crystal structures presented here also allow us to compare how the structurally similar C3, C4, and C5 are cleaved by two distinct types of proteolytic enzymes, the C1s and MASP-2 based enzymes cleaving C4 in the lectin and classical pathway vs. the factor B and C2-based C3 and C5 convertases in the alternative and terminal pathway. The substrate recognition mechanism revealed by the C4·MASP-2 complex is fundamentally different from that identified in the C3 and C5 convertases (Fig. 5 C and D and Fig. S7 ). When C4 is cleaved by MASP-2 or C1s bound to a pattern recognition molecule, exosites in the MASP-2 or C1s CCP domains are required (9, 17, 18) , and our results imply that their function is in the recognition of the C4 C345C domain. In the C3 and C5 convertases, large exosites are present in the noncatalytic C3b or C4b subunits recognizing the MG4, MG5, and probably also the MG7 domains, which are all located far from the C345C domain (24) . In addition, the catalytic subunit of the convertases approaches much more horizontally relative to the scissile loop region in the substrate compared with the C4·MASP-2 complex (Fig. 5 C and D) .
C4 is a remarkable substrate because it is cleavable by two types of enzymatically active complexes-depending on either MASP-2 or C1s as the catalytic subunit-becoming activated upon pattern recognition taking place within structurally very variable and unpredictable environments. In contrast, when C3 and C5 are substrates for the convertases, the primary substrate-binding noncatalytic C3b or C4b subunit is likely to be rather rigid (24) . Substrate recognition by the convertases is therefore likely to be only slightly influenced by the environment in which the convertase is present. In C3 and C5, the scissile bond is presented in or close to an exposed loop with five to nine disordered residues (Fig. S7B) , and in C5 the P1 residue Arg-751 is not even exposed, suggesting that this residue is not involved in the initial recognition between the convertase and the substrate. However, in C4 the scissile bond is located in a region with 22 disordered residues. The much higher flexibility of the scissile bond region in C4 offers an elegant solution to the problem of simultaneously being a substrate for two different proteolytic enzymes deposited in extremely variable environments. This high degree of flexibility may allow C4 to form initial contacts with the SP domain of C1s or MASP-2, approaching the protease from quite different orientations, and in combination with the flexibility of the MASP-2 and C1s containing proteolytic complexes discussed below, the flexibility of the scissile bond region may significantly promote formation of productive enzyme-C4 complexes.
Within a full enzyme-substrate MBL·MASP-2·C4 complex bound to a carbohydrate layer through the MBL carbohydrate recognition domains (CRDs), MASP-2 is bound to the MBL collagen stem through its CUB domains and firmly holds the substrate through contacts with primarily the C4 C345C domain and the C4 scissile bond region. This finding implies that the MG1-MG4-MG5 domains at the opposite end of C4 ( Fig. 1 B and C) are expected to be oriented approximately in the same direction as the MBL CRDs toward the carbohydrate layer. In such an orientation, the TE would be directed into the carbohydrate layer during a C3b-like conformational change of nascent C4b, as previously suggested for convertase-bound C3b (24) . The MBL·MASP-2·C4 complex is anticipated to be structurally flexible for several reasons. Considerable flexibility is present in MBL at the predicted kink of the collagen stem, and likewise the orientation of the CRDs relative to the collagen stem is variable. MBL is also heterogeneous by stoichiometry, with the smallest form being dimer of polypeptide trimers formed through the collagen stem, but such dimeric MBL-MASP complexes do not bind carbohydrate patterns with a high enough avidity to allow for efficient activation of complement. MBL trimers and tetramers are the dominating form occurring naturally in humans, but higher oligomers are also present, and their intersubunit orientation is quite variable (25) . In MASP-2, flexibility is presumably present within the CUB2 domain (26) , at the CUB2-CCP1 linkage (27) , and at the CCP2-SP linkage, as shown here. Our C4·MASP-2 structure surprisingly revealed that the orientation between MASP-2 and C4 is also variable, and our structure of unbound C4 suggests high mobility of the scissile bond region and regions surrounding it. Obviously, all of these sources of flexibility increase the likelihood of forming productive MBL·MASP-2·C4 complexes within the highly variable glycan environment, and similar levels of flexibility can be expected for the ficolin·MASP-2·C4 and the C1·C4 complexes in the classical pathway, because ficolins and C1q share their basic architecture with MBL, as is also the case for MASP-2 and C1s.
Activation of complement triggers an aggressive proteolytic cascade, creating potent inflammatory effector molecules, with the risk of host tissue damage if not kept under tight control by an array of soluble and membrane-bound regulators (1, 28) . Uncontrolled complement activation is seen in association with, e.g., sepsis, myocardial infarction, ischemic stroke, rheumatoid arthritis, glomerulonephritis, myasthenia gravis, lupus, age-related macular degeneration, and atypical hemolytic uremic syndrome (28, 29) . Of particular relevance for the present study, MASP-2 inhibition has proven efficient in protection against ischemia/ reperfusion injury (30) .
Our C4·MASP-2 structure reveals in details the intermolecular interactions of a key event in the lectin pathway and should therefore facilitate further development of inhibitors of this pathway. Moreover, the exosite part of the C4 recognition by MASP-2 identified by our structure is likely to be common to both lectin and classical pathways. Thus, in conclusion, our results provide an essential structural framework for future studies of the lectin and classical pathway of complement activation and rationalize many prior functional studies of both pathways.
Materials and Methods
Human C4 was purified from human plasma by anion exchange chromatography, and recombinant MASP-2 CCP1-CCP2-SP S633A was prepared by refolding and activated with MASP-1 (9) . Crystals of C4 and C4·MASP-2 were obtained by vapor diffusion and cryoprotected before data collection. The structures were determined by molecular replacement aided by single-wavelength anomalous diffraction phases for a Ta 6 Br 12 derivative for the C4 structure. Rebuilding was done in O (31), and refinement was performed in PHENIX. REFINE (32) . Full-length MASP-2 variants were expressed in HEK293F cells (33) and activated by their association with recombinant MBL bound to mannancoated plates. C4 was then added and deposited upon MASP-2-mediated cleavage, and cleaved C4 was quantitated with a biotinylated monoclonal anti-C4 antibody through detection with europium-labeled streptavidin and fluorometry (34) . The ability of the MASP-2 variants to mediate C4 deposition was also investigated in the presence of MASP-2-deficient plasma (33) . Recombinant wild-type and mutated C4 C345C was expressed in Escherichia coli, purified by Ni 2+ -chelate chromatography and gel filtration, and tested in cleavage experiments with C1s at a molar ratio of 30:1 for (C4 C345C):C4. For SPR measurements, MASP-2 or C1s were immobilized on CM5 sensor chips, and the interaction with recombinant C4 C345C was measured at a flow rate of 5 μL/min. Data were analyzed by global fitting to a 1:1 binding model. A detailed description of experimental methods may be found in SI Materials and Methods.
